ABSTRACT: Spectroscopy and imaging in the terahertz (THz) region of the electromagnetic spectrum has proven to provide important insights in fields as diverse as chemical analysis, materials characterization, security screening, and nondestructive testing. However, compact optoelectronics suited to the most powerful terahertz technique, timedomain spectroscopy, are lacking. Here, we implement single GaAs nanowires as microscopic coherent THz sensors and for the first time incorporated them into the pulsed time-domain technique. We also demonstrate the functionality of the single nanowire THz detector as a spectrometer by using it to measure the transmission spectrum of a 290 GHz low pass filter. Thus, nanowires are shown to be well suited for THz device applications and hold particular promise as near-field THz sensors.
S
emiconductor nanowires based on III−V materials show great promise for nanoscale optoelectronic devices. 1−3 Such nanowires can be synthesized with diameters in the range of 10−500 nm and lengths of several micrometers, making them ideal for a variety of highly integrated applications. Recently a 13.8% efficient nanowire solar cell has been demonstrated, 4 while both GaAs-based 5, 6 and InP-based 7 nanowires have been shown to operate as room-temperature nanolasers. Significantly, their high charge-carrier mobility 8 and tunable carrier lifetimes 9 make them ideal components for ultrafast electronics. Their application as terahertz (THz) frequency components is of particular interest owing to a lack of traditional electronic technologies in this wavelength range. Here, we demonstrate a photoconductive detector of THz frequency radiation that uses a single GaAs/AlGaAs nanowire as the active component. Our single nanowire THz detectors have good sensitivity when compared with traditional detection techniques including ion-implanted photoconductive antennae, but provide a novel opportunity to be used as highly integrated nanoscale devices.
Commercial THz systems typically use one of two techniques for THz detection: photoconductive (Auston) switches 10 using ion implantation-induced damaged 11 or low temperature grown 12 semiconductor materials; or optical rectification using electro-optical materials. 13 It is anticipated that III−V semiconductor nanowires may provide a promising alternative to planar semiconductor components in a THz system because they combine important bulk III−V semiconductor properties such as their direct and tunable band gap 14 and high carrier mobility, 8 with a short and controllable minority carrier lifetime, which is ideal for low noise photoconductive detection. 15 A nanowire-based detector also has great potential for near-field imaging either as a subwavelength detector element or integrated into an "onchip" THz spectrometer 16 avoiding the need for complex coupling arrangements; 17−19 such devices are of interest for nanoscale 20 and biological 21 applications. Nanowires have already been employed for THz spectroscopy as both emitting 22−24 or detecting elements. A bolometric InAs nanowire field-effect transistor detector has been demonstrated 25 and exploited for continuous-wave THz imaging applications. 26, 27 More recently, a bolometric detector based upon carbon nanotubes has also been reported. 28 However, to date, such nanostructures have not been incorporated into the sensitive and widely applicable pulsed time-domain technique, partly due to challenges in material design, growth, and single nanowire device fabrication. We have previously shown that the minority carrier lifetime in GaAsbased nanowires can be tuned over the range of around 1 ps 9 to 1600 ps 29 through careful control of the crystal quality 30 and surface passivation. 29 It is now possible to design and grow GaAs nanowires, which couple short lifetimes with very high carrier mobilities; these unique conductivity properties are optimal for the generation and detection of THz radiation directly through the photoconductive switch technique. Here we demonstrate the design, fabrication, and characterization of a single GaAs/AlGaAs nanowire photoconductive THz detector.
Three types of GaAs/AlGaAs core−shell nanowires were grown onto bulk GaAs substrates using a gold-assisted vapor− liquid−solid approach within a commercial MOCVD reactor. The growth methodology used followed previously published recipes;
29−32 more details are in the Supporting Information. These types of nanowires were chosen to investigate the effect of carrier lifetime upon detector performance. All nanowires had a GaAs/AlGaAs core−shell structure with a GaAs cap layer to prevent the oxidation of the AlGaAs shell, as shown in Figure  1 . The first type, sample A, had a high-quality, monotypic zinc blende stacking-fault-free GaAs core, grown by a twotemperature growth technique. 30 Both the second and third types, samples B and C, were intentionally grown to have a lowquality GaAs core incorporating stacking faults and defects known to reduce the carrier mobility and lifetime, 31 using a one-temperature growth technique. All nanowires have a 150 nm diameter core, an optimized AlGaAs shell 29 of 28 nm (samples A and B) or 5 nm (sample C) thickness, and were grown to mean lengths of around 13 μm (sample A) or 23 μm (samples B and C).
A time-domain optical pump−THz probe spectroscopy (OPTPS) system 8 was used to measure the conductivity lifetimes of an ensemble of nanowires from samples A, B, and C shown in Figure 1 . Ultrafast photoexcitation at 800 nm (1.55 eV) was chosen to match the excitation conditions used under device operating conditions. The carrier lifetime is key to determining whether the detectors operate in the direct, integrating, or intermediate regime, 15 which in turn determines the signal processing technique required (see Supporting Information for details). We note that the ultimate temporal resolution of a photoconductive terahertz detector is set by the photoconductivity rise time and is much less than 1 ps for all samples shown for the excitation conditions described. 9 Traditional approaches to increasing the bandwidth of photoconductive detectors center around optimized damage of semiconducting material through ion-beam exposure 33 or low-temperature growth. A biexponential carrier lifetime was observed for all samples; a fast component (τ f ) due to recombination in the unpassivated GaAs capping layer and a slower recombination (τ s ) in the GaAs core, ranging from 4.6 ± 1 ns (sample A) to 800 ± 30 ps (sample B). Sample C exhibits a much larger early time carrier decay, arising from tunnelling through the thin AlGaAs shell layer to the highly defective capping layer in accord with our recent investigation into AlGaAs passivation. 29 The THz detectors were fabricated using a custom-designed direct laser write lithography technique, 34 allowing electrical contacts to be made to single nanowires on THz transparent quartz substrates. Briefly, small pieces of substrate were cleaved from the as-grown wafers of samples A, B, and C, and placed in isopropyl alcohol (IPA) for a 30 s ultrasonication, to transfer the nanowires to solution. The solution was dropped onto z-cut quartz substrates and allowed to dry naturally. Z-cut quartz was used as detector substrates as it is an electrical insulator and transparent to THz radiation. 35 The THz detector structures were then patterned by use of direct laser write lithography. 34 After contact pattern development, an oxygen plasma etch was employed for further removal of the photoresist residue on the nanowires, followed by a 4% HCl chemical etch to remove a thin native oxide layer from the nanowire surface. The structures were finally metallized using electron beam evaporation and lift-off to form Ti/Au (10 nm/300 nm) contacts on each side of the nanowires.
The antenna structure and dimensions are shown in Figure  2a , along with a typical electron microscopy image of a complete device. Room-temperature photocurrent measurements were used to confirm the quality of the electrical contacts of the fabricated detectors (data in Supporting Information). With local excitation, such measurements can provide information about charge carrier mobility. 36 In our arrange- ment, we use uniform excitation, which provides photocurrent that is proportional to the carrier mobility; in turn, this determines the sensitivity of THz detection. All three samples show very low dark current (sub-nA) and a clear photoresponse under bias; sample A exhibits the strongest light response, with photocurrent exceeding 100 nA when biased at 4 V, confirming the improved electrical properties arising from the twotemperature growth technique. While sample B has the shortest charge-carrier lifetime, it is seen to exhibit a better photoresponse (10s of nA at 4 V) when compared with sample C (a few nA at 4 V). The detectors were characterized using a THz time-domain spectrometer based around an 800 nm Ti:sapphire laser (THz-TDS, more details in the Supporting Information). A single cycle of THz radiation was generated using an AC-biased semiinsulating GaAs photoconductive switch with a 400 μm gap between the electrodes, which was focused onto a detector with a spot size of around 1 mm. A standard electro-optic detection crystal (ZnTe) was used as a reference detector to measure the electrical field of the THz source, while a photoconductive receiver 33 (ion-implanted InP with a bow-tie antenna structure) was used as a reference for our single nanowire devices. Figure  3a shows the typical unprocessed THz photocurrent responses of our single nanowire detectors measured in the THz-TDS system. All devices are integrating types 15 due to the long conductivity lifetimes in the core (≫100 ps) and produced pA responses with the detectors incorporating nanowires from samples A and C exhibiting the best and worst signal-to-noise ratio (SNR), respectively, which is consistent with results from DC photocurrent measurements (data in Supporting Information). All remaining measurements in this report focus on sample A, which forms the most sensitive detector. In addition, it is worth mentioning that the intensity of measured THz photocurrents from our nanowire detector increases with increasing intensity of the 800 nm pulse and/or the incident THz signal, but these do not influence the spectral profile.
The transient THz electric field as measured by the two reference detectors and the processed data for sample A, and their calculated spectral response are shown in Figure 3b −d and e−g, respectively (data and processing methods for all samples are given in the Supporting Information). While the signal measured using the nanowire has a lower bandwidth (in the range of 0.1−0.6 THz), it has sufficient SNR for practical use. To assess the performance of the nanowire detectors for real-world application we inserted a 290 GHz inductive mesh low-pass filter into the THz path, whose cutoff edge falls in the effective detection range of our nanowire detectors. Figure 4 shows the THz responses from sample A and the InP photoconductive receiver, without (red) and with (blue) the low-pass filter present. Figure 4d ,h shows the filter transmission ratios, the changes of THz amplitude response in amplitude upon insertion of the low-pass filter. It can be clearly seen that both nanowire detector and reference InP detector show 80% transmission in amplitude due to the same filter. Therefore, single GaAs/AlGaAs nanowires are able to produce electrical responses to a THz signal, and when compared with standard THz detectors, such nanoscale devices bring many advantages for future applications whenever size or spatial resolution is critical, such as on-chip applications.
16,21
Commercial software (Lumerical) based on the finitedifference time-domain (FDTD) method was used to perform simulations in the THz range to examine the influence of device geometry and compare with experimental results (details of the simulations are given in the Supporting Information). Figure 5a shows the experimental amplitude spectrum of the THz electrical field, while Figure 5b shows the simulated spectrum monitored at the center of the antenna. The introduction of the antenna structure alters the distribution of electric field, leading to enhancement at specific resonant frequencies. Figure 5c −g shows the THz electric field distribution on the antenna structure for five individual frequencies; it is clear that at frequency 'I' (0.11 THz), "III" (0.27 THz), and "IV" (0.61 THz) the THz electrical fields are strongly enhanced at the center of antenna, where the single nanowire is located. In contrast, there is very little field enhancement at the frequency "II" (0.18 THz) or 'V' (1.5 THz). It is worth noting that the experimental spectrum is consistent with the simulated spectrum, having similar bandwidth (0.1−0.6 THz) with three enhanced electric field peaks. This indicates that the detection bandwidth is caused by detector design, rather than the nanowire itself. In future, the use of a specific device geometry designed and optimized by modeling may be used to tune the frequency range and bandwidth of the detector. 37 The ability to tune the spectral response with nanoscale detectors is of promise for on-chip THz microspectrometers. 16, 21 In summary single GaAs/AlGaAs nanowire photoconductive THz detectors were successfully fabricated using a direct laser write lithographic technique and were shown to operate well over an effective detection range that may in future be adjusted through specific device geometries. FDTD simulation and experimental results were remarkably consistent; further work will focus on device geometry design and careful optimization of nanowire structure and growth. GaAs-based nanowires grown with specific and desirable carrier lifetime and carrier mobility provide great promise for highly integrated optoelectronics. By using careful growth control of the nanowire shell thickness and/or crystal quality, single nanowire photoconductive THz detectors have been fabricated. The demonstration of single GaAs/AlGaAs nanowire devices with a specific frequencies response through antenna design may lead to numerous potential applications for narrowband THz devices, for example, amplitude modulator/switches and tunable narrowband THz emitters or detectors.
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